ABSTRACT. Serum from patients with cystic fibrosis and normal controls was used to opsonize mucoid and nonmucoid Pseudomonas aeruginosa particles. Opsonic activity was then determined by measuring the production of superoxide anion (02-) from normal neutrophils stimulated with the opsonized particles. Without any opsonization, mucoid P. aeruginosa stimulated significantly more 02-than nonmucoid P. aeruginosa. Responses to nonmucoid P. aeruginosa observed with heat-inactivated serum from patients with cystic fibrosis were significantly higher (p = 0.008) than those observed with heat-inactivated control sera. Comparisons made between patients who were colonized with P. aeruginosa and those who were not showed that heat activated serum from colonized patients had significantly higher levels of opsonic activity than heat inactivated serum from patients who were not colonized. These differences were observed with either mucoid or nonmucoid P. aeruginosa. A negative correlation was also observed between opsonic activity and clinical status measured by Schwachman scores of colonized patients. These data indicate that in patients colonized with P. aeruginosa the deterioration of their clinical status correlated with increased opsonic activity reflected in the oxidative burst response of neutrophils. (Pediatr Res 22: [383][384][385][386][387][388] 1987) Abbreviations CF, cystic fibrosis HBSS, Hanks' balanced salt solution PBS, phosphate-buffered saline PMN, polymorphonuclear cells humoral response to P. aer~cginosa resulting in immune complex formation and the activation of neutrophils (2, 3). Activated neutrophils in turn infiltrate the lung, interact with the microbes present, and contribute to its damage through the secretion of oxygen radicals and degradative enzymes (4). The major evidence which supports this model has been the observation that high antibody titers to P. aeruginosa are correlated with a poorer clinical state ( 5 , 6). The role of these antibodies in stimulatory oxygen radical production in neutrophils is not well defined. Recent studies by Fick et a/. (7) have indicated that IgG antibodies produced to P. aerniginosa are defective in their ability to support phagocytosis by alveolar macrophages. However, when neutrophils have been examined no defect in phagocytosis has been observed. Since pulmonary clearance of P. aertcginosa is mainly due to neutrophils rather than alveolar macrophages (8), the interaction of neutrophils with P. aeruginosa and the subsequent production of oxygen radicals is likely to be important in the progression of this lung disease.
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The activation of neutrophils by microbial particles is enhanced by opsonic factors present in the circulation. These factors include IgG and complement components such as C3b. The measurement of oxygen radical production has been widely used to quantify opsonic activity (9, 10) . We therefore measured the generation of superoxide anion from normal neutrophils stimulated by heat-killed mucoid and nonmucoid P. aeruginosa organisms. These particles had been opsonized with serum from CF patients and normal controls. When heat inactivated to denature complement components, sera from some CF patients stimulated more superoxide anion release. CF patients colonized with P. aeruginosa gave a higher response than patients who were not colonized, and there was an inverse correlation between the opsonic activity and clinical status.
CF is characterized by progressive inflammatory lung disease involving the accumulation of neutrophils. Patients with CF have relatively normal pulmonary function until the onset of Pseudomonas aeruginosa colonization of the respiratory tract (1) . From this point, exacerbations of obstructive pulmonary disease ultimately result in pulmonary failure. One model for the progression of this lung disease involves a hyperimmune Preparation of neulrophils. Human peripheral blood neutrophils were separated from the heparinized venous blood of normal adult volunteers using Ficoll-hypaque gradient centrifugation to remove mononuclear leukocytes (I 1). The cell pellet containing erythrocytes and neutrophils was resuspended in HBSS (GIBCO, Grand Island, NY) and mixed with Plasmagel (Cellular Products, Buffalo, NY) at a concentration of 1 ml Plasmagel per 3 ml of blood. The leukocyte-rich supernate obtained after 30 min of 37" C incubation was then centrifuged and the cell pellet mixed with 4" C distilled water for 15 C. It was determined at this point that viable organisms would reduce cytochrome c thereby interfering with the measurement of superoxide anion production. To prevent this interference the organisms were heat killed by boiling for 1 h and washed twice in PBS. The particles were then resuspended to give an OD of 0.6 at 620 nm (-10' particles/ml). These preparations were stored at -70" C and thawed just prior to use.
Opsonization protocol. The P. aeruginosa particle suspension, 0.4 ml, prepared above was placed into 1.5 ml Eppendorf microcentrifuge tubes, centrifuged at 10,000 rpm for 20-30 s, and the supernate removed with a Pasteur pipette. The diluted sample of serum was added and the particles were resuspended by vortexing. The samples were rotated at 37" C for 30 min, washed twice in PBS, and resuspended to 0.4 ml. These preparations were then used to stimulate neutrophil superoxide anion generation. Superoxide anion assays. Generation of superoxide by neutrophils was determined using a modification of the method of Pick and Mizel (12) Clinical evaluation of patient status. In order to determine the severity of disease in our cystic fibrosis patients, the system of clinical scoring devised by Schwachman and Kulczycki (14) was used. The evaluation is based on four items: I) general activity, 2) physical findings, 3) nutritional status, and 4) findings on chest x-ray. Each item was given 25 points and a total of 100 points was a perfect score. The status of a patient was considered excellent when the score was over 85, good when the score was between 71 and 85, mild when between 56 and 70, moderate between 41 and 55, and severe when 40 or less. The scores were assigned by one of us (ALF) before the results of the neutrophil
PER CENT SERUM FOR OPSONIZATION
-CYTO B A + CYTO B Fig. 1 . Effect of control serum concentration and cytochalasin B treatment on the release of superoxide anion from neutrophils stimulated with nonmucoid P. aeruginosa. Heat-inactivated P. aeruginosa organisms were opsonized with varying concentrations of normal serum for 30 min at 37" C. The particles were washed by centrifugation and used to stimulate superoxide anion release from normal neutrophils which had been pretreated with (A) or without (H) 5 pg/ml cytochalasin B for 5 min at 37" C.
OPSONlC ACTIVITY IN CYSTIC FIBROSIS

385
superoxide anion generation studies were known to him. They reflect the patient's status on the day serum was obtained.
RESULTS
Titrat ion c$.serzrm op.ronic acf ivity and /he c:Ject.s ~f'cytochalasin B on neutrophil supcroxidc production. Initial experiments were performed to determine the serum concentration which would be optimal for the opsonization of P. ac~rugino.sa. In addition, neutrophils were pretreated with and without cytochalasin B (5 @g/ml) for 5 min at 37" C. Cytochalasin B disrupts microfilaments, thereby preventing internalization of superoxide (15) and phagocytosis (16) . This was included to enhance the extracellular production of superoxide as well as to minimize effects from differences in the phagocytosis of the organisms. As shown in Figure 1 , increasing the concentration of serum used to opsonize the control nonmucoid I-'. acrliginosa resulted in enhanced production of superoxide anion. This enhancement reached a maximum at 20% serum. Treatment of neutrophils with cytochalasin B also greatly enhanced the superoxide anion response. Similar results were obtained when mucoid P. aeruginosa particles were used (data not shown). On the basis of these studies, 30% serum was used for opsonization and neutrophils were pretreated with cytochalasin B.
Effect cfheat inactivation on the opsonic activity in control and CFsera. T o examine the contribution of the complement system to the opsonic activity in serum, some samples were incubated at 56" C for 30 min to inactivate complement components. Studies using the four strains of mucoid P. aer~iginosa indicated that they stimulated similar levels of superoxide anion production and showed similar patterns of activity when opsonized (data not shown). In subsequent experiments a single mucoid strain was chosen and a summary of the results obtained using control and CF sera to opsonize mucoid and nonmucoid P.
aeruginosa is shown in Figure 2 . In the absence of opsonins (Fig.   2, right column) , mucoid P. aeruginosa particles stimulated the release of significantly more superoxide anion (2.16 nmol + 1.32, mean + 1 SD) than the nonmucoid (0.71 nmol f 0.58, mean f 1 SD) P. aencginosa ( p < 0.001). When control sera were used to opsonize nonmucoid P. aeruginosa particles (Fig. 2, top CF-HIS, 6.62 2 3.68; CF-US, 7.2 f 2.7 1. The asferisk indicates significant differences ( p < 0.05) were observed between CF-HIS and CONTROL-HIS using nonmucoid P. aeruginosa. plement-mediated activity accounts for about half of the opsonic activity of the serum. When heat-inactivated CF sera were used to opsonize the nonmucoid P. aeruginosa the responses observed were significantly higher than with heat inactivated control sera when compared with the paired t test ( p = 0.008). In addition, with five of the 16 CF sera, more activity was observed in the heat-inactivated sample than in the original serum (Fig. 2, top  panel, center column) . Analysis of patient information on these five sera showed that all five patients were colonized with P. aeruginosa. In contrast, when mucoid P. aeruginosa was used, heat inactivation of the serum resulted in a higher response in seven of 17 control serum samples (Fig. 2, bottom panel, left  column) Similarly, when CF sera were used to opsonize the mucoid P. aeruginosa, eight of the 16 samples showed higher activity in the heat-inactivated preparation (Fig. 2, bottom panel,  center column) . Of these eight sera, five were from patients colonized with P. aeruginosa. This pattern of higher in heatinactivated sera occurs predominantly in the patient population which is colonized with P. aeruginosa. This may therefore reflect a higher level of antibodies to P. aeruginosa which may become aggregated during heating and provide a better opsonic signal.
Comparison of serum from patients colonized with P. aeruginosa with those who were culture negative. In order to examine the effect of P. aeruginosa colonization on the opsonic activity measured by superoxide anion release, comparisons were made between patients who were colonized and those who were not. As shown in Figure 3 , when the superoxide anion response using heat-inactivated serum from patients colonized with P. aeruginosa was compared to the serum from patients who were not colonized, significant differences were observed with both the mucoid and nonmucoid P. aeruginosa particles. With the mucoid P. aeruginosa a significant difference between the groups was observed when either heat-inactivated or untreated serum was used for opsonization. These data indicate that CF patients colonized with P. aeruginosa have greater opsonic activity in their serum which can cause the stimulation of superoxide anion release from neutrophils. This activity can be detected in heatinactivated serum when nonmucoid P. aeruginosa is used as the stimulus or in either heat-inactivated or normal serum when mucoid P. aeruginosa is used.
Correlation of opsonic activity with clinical status. Fig. 3 . Opsonic activity to nonmucoid or mucoid P. aeruginosa in heat-inactivated and normal serum from CF patients which were culture negative (-) or culture positive (+) for P. aeruginosa. Horizontal bars indicate sample means. Asterisks indicate significant differences (p < 0.05)
were observed between the culture-positive and culture-negative groups.
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not colonized with P. aeruginosa. However, with patients colonized with P. aeruginosa a negative correlation was observed between the opsonic activity measured by the production of superoxide anion and the Schwachman score (Fig. 4) . The higher the Schwachman score the lower the opsonic activity. Similar correlations were observed using either the mucoid ( r = 0.821) or nonmucoid ( r = 0.785) P aeruginosa. These data indicate that in patients colonized with P. aeruginosa the deterioration of the clinical status correlates with increased opsonic activity reflected in the oxidative stimulation of neutrophils.
DISCUSSION
P. aeruginosa is the major pathogen in CF. Colonization with mucoid strains of P. aeruginosa (1 7) as well as increased antibody titers to P. aeruginosa antigens have been associated with a poorer clinical state (6) .
Why this is so is not entirely clear; so the present study examined opsonic factors in C F serum with respect to their ability to stimulate the release of superoxide anion from neutrophils. The measurement of neutrophil oxygen radical production has been widely used as a method to quantify opsonic activity (9, 10) . To examine this response specifically, cytochalasin B treatment of neutrophils was used to minimize differences in phagocytic uptake which have been observed between mucoid and nonmucoid strains of P. aeruginosa (1 8) as well as to enhance the extracellular production of superoxide anion (1 5). Comparisons of mucoid and nonmucoid P. aeruginosa showed that without any opsonization, mucoid P. aeruginosa stimulated significantly more 02-than nonmucoid. When control sera were used to opsonize nonmucoid P. aeruginosa, heat inactivation always lowered the level of 02-generated. However, when mucoid P. aeruginosa was used, heat inactivation often increased the production of 02-. Similar results were observed with CF sera with both mucoid and nonmucoid organisms. Further analysis indicated that these sera were primarily from patients who were colonized with P. aeruginosa. Because these patients are known to have high antibody titers to P. aeruginosa (6) , these data imply a role for specific antibody in this response and suggest that the increased activity seen in some heat-inactivated sera may be due to antibodies which have aggregated during heating and are more stimulatory. The greatest loss of activity after heat inactivation was observed in serum samples from culture negative patients using nonmucoid P. aeruginosa as the stimulus. These data suggest that heat labile complement components are more important in the absence of specific antibody when nonmucoid P. aeruginosa is involved. Heat inactivation of serum had less of an effect when mucoid P. aeruginosa were used. One explanation for these findings is that complement components (such as C3b) may not play a role in the stimulation of Oz-from neutrophils when mucoid forms of P. aeruginosa are used. This possibility is supported by studies by Wright and Silverstein (19) who have demonstrated that stimulation of Ozproduction in PMNs and monocytes results from interaction with Fc receptors rather than with C3b receptors. Our data indicate that mucoid P. aeruginosa stimulate neutrophils to a greater degree than nonmucoid P. aeruginosa in the absence of serum. Heat labile complement components may play a greater role in the opsonization of nonmucoid P. aeruginosa in the absence of antibodies since control sera and uninfected patient sera lost substantial activity upon heating. In contrast, heat inactivation had a lesser effect on opsonic activity with mucoid P. aeruginosa. This is consistent with reports that mucoid strains of P. aeruginosa are not as effective as nonmucoid strains in activating the complement cascade (1 8).
Comparisons of serum from patients colonized with P. aeruginosa and those not colonized indicated a significantly higher opsonic activity in the colonized patients. This finding is in agreement with observations by LeBlanc el a/. (20) who used a chemiluminescence assay to measure opsonic activity in C F sera to P. aeruginosa. This likely reflects higher antibody titers to P. aeruginosa in serum from colonized patients and indicates the functional ability of this antibody to stimulate oxygen radical production in neutrophils. This possibility is further substantiated by the observation of a correlation between the level of superoxide anion response and the clinical condition of the patient. Higher levels of superoxide anion release correlated with poor clinical conditions reflected by low Schwachman scores.
Together these findings support the model in which oxygen radical production is involved in the progression of the lung disease in CF. In this model, increased antibody titers resulting from chronic colonization with P. aeruginosa may result in enhanced oxygen radical production from neutrophils which migrate to the lung. These oxygen radicals may cause damage which prevents the eradication of the infection. 
